Recent satellite observations indicate a significant decrease of cloud water in ship tracks, in contrast to an ensemble of in situ ship-track measurements that show no average change in cloud water relative to the surrounding clouds. We find through large-eddy simulations of stratocumulus that the trend in the satellite data is likely an artifact of sampling only overcast clouds. The simulations instead show cloud cover increasing with droplet concentrations. Our simulations also show that increases in cloud water from drizzle suppression (by increasing droplet concentrations) are favored at night or at extremely low droplet concentrations.
Introduction
The effects of aerosols on clouds constitute a major uncertainty in predictions of global climate change [Houghton et al., 2001] . A subset of sufficiently large and wettable aerosols serve as cloud condensation nuclei (CCN) that determine the number concentration of cloud droplets during cloud formation. The primary effect of increased concentrations of CCN is to redistribute cloud water over a greater number of droplets, thereby increasing total droplet cross-sectional area and hence cloud albedo. This effect was first suggested by Twomey [1974] as a mechanism by which pollution can exert a strong radiative cooling effect on global surface tem-
peratures.
Beyond this so-called '°Twomey effect" are possible secondary effects resulting from suppression of precipitation by smaller droplets. These are expected to amplify the negative radiative forcing by increasing cloud water [Pincus and Baker, 1994 ] and cloud cover [Albrecht, 1989] .
We focus on low-lying stratiform marine clouds because they cover vast areas of the global ocean, reflect much more sunlight than the underlying ocean surface, and do not appreciably affect outgoing thermal radiation.
The response of clouds to regionalscale variations in CCN are invariably subject to co-varying meteorological conditions, muddling the cloud microphysical response with changes from dynamical forcings [e.g., Harshvardhan et al., 2002] . To bypass such a tangling of signals, we consider the natural laboratory of ship tracks, which are linear features of enhanced albedo in clouds polluted by ship exhaust [Conover, 1966; Coakley et al., 1987] , in which the only significant perturbation is the aerosol loading within the exhaust plume.
The indicates that cloud liquid water path (LWP) increases in some ship tracks and decreases in others [Platnick et al., 2000] . Similarly, an ensemble of 64 ship track in situ interceptions obtained during MAST reveals changes in cloud water (Fig. 1) that are not statistically different from zero on average [Ackerman et al., 2000] (see Appendix A). However, a more recent analysis of hundreds of 30-kin segments of ship tracks from 1-kin resolution satellite measurements [Coakley and Walsh, 2002] surprisingly shows a statistically significant 16% decrease of LWP in shiptracks relative to the surrounding clouds ( Fig.  1 ). Here we use large-eddy simulations with detailed microphysics and radiative transfer to investigate this apparent discrepancy between the satellite and in situ measurements. We find that the strong satellite signal is likely an artifact of sampling only overcast pixels. with CCN number concentrations fixed at 40, 75, 150, and 300 cm -3. Plotted against the average cloud droplet concentration in cloudy grid cells (those with liquid water mixing ratio > 0.05 g kg-1) are (a) liquid water path, (b) surface precipitation rate, and (c) fractional cloud cover (upper curves, defined as in [Wyant et al., 1997] by the fraction of model columns with optical depth > 2.5). and maximum core fraction (lower curves, where core fraction is defined as in Stevens et al. [2001] by the fractional number of cloudy, buoyant grid cells in each model layer).
The data are averaged over the last 10 h of 12 h simulations. 1984]. (In our simulations, described in Appendix B, the peak solar heating rate is _1 K h -z at noon, which is 20% of the peak longwave cooling rate.) As seen in Fig. 2 , the more vigorous convection at night enhances LWP in nocturnal simulations relative to the daytime; the enhanced nocturnal LWP increases the surface precipitation flux relative to the daytime; and the enhanced nocturnal convection results in greater cloud cover at night for any given droplet concentration.
The response of precipitation to increased droplet concentrations is slight in the daytime simulations: at droplet concentrations > 50 cm -3 the drizzle flux in the daytime simulations is already so small that reducing it further has little effect on the average LWP. The most dramatic changes in LWP with droplet concentrations occur at the lowest droplet concentrations. At the lowest droplet concentrations there is too much drizzle to maintain a radiativelydriven, stratocumulus-topped boundary layer [Ackerman et al., 1993] , which is replaced by a field of shallow cumulus [Stevens et al., 1998 ]. The transition from stratocumulus to shallow cumulus is evident in synthetic images of cloud albedo (Fig. 3) . The fractional area of convective cloud cores is _1/2 in the stratocumulus, but falls below that level in the more cumuliform convection arising at the lowest droplet concentrations (Fig. 2c ). The fractional cloud cover approaches that of convective cores at the lowest droplet concentrations, indicating that cloudy air detrained from the convective cores does not extend far from those cores. The cumuliform convection of the clean boundary layer results from increased atmospheric stability, in which weaker eddies are resisted and vertical mixing is dominated by the strongest eddies.
The increased atmospheric stability at reduced droplet concentrations results from more cooling below cloud base by greater drizzle evaporation [Nicholls, 1984] and greater drying near cloud top by drizzle formation. The drying diminishes the radiative cooling rate [Ackerman et al., 1993] , and decreases the (convectively favorable) latent cooling of cloudy air during descent [Stevens et al., 1998 ]. However, this cumuliform convection is highly susceptible to changes in aerosol populations, as found in field measurements [Taylor and Ackerman, 1999] and model simulations [Stevens et at., 1998 ]. During extremely clean conditions, the injection of ship exhaust has been observed to rapidly transform shallow, cumuliform clouds in the boundary layer into a prominent cloud line [Taylor and Ackerman, 1999] . Visible ship tracks are seen most often in cloud fields that are patchy [Scorer, 1987] . Such tracks, however, are not included in satellite observations that are confined to overcast conditions (for both the ship track and the surrounding clouds). Our Omitting clear and partly cloudy pixels artificially enhances the (filtered) LWP of cloud fields, and the magnitude of the enhancement increases with the number of pixels omitted.
Hence, given two cloud fields with the same domain-average LWP, the field with Figure 3 . Cloud albedo at 3 PM local time in simulations with CCN concentrations fixed at 40, 75, 150, and 300 cm -3 from left to right. The average cloud droplet concentration in cloudy grid cells (as in Fig. 2) for each scene is given. Dark squares outline 1.1 x 1.1 km regions that are < 90% cloudy (defined in Fig. 1 ).
ACKERMAN ETAL.: ENHANCEMENT OFCLOUD COVER ANDSUPPRESSION OFNOCTURNAL DRIZZLE 3 abroader distribution (orskewed toward lower values) ofLWP will have more clear and partly cloudy pixels, and hence a greater enhancement of LWP by filtering. The frequency distributions of daytime LWP narrow (and become less skewed) as droplet concentrations increase in the simulations, as seen in Fig. 4 . Filtering out the clear and partly cloudy pixels therefore enhances LWP more at reduced droplet concentrations. Although the domain-average LWP increases moderately as CCN concentrations increase from 75 to 150 cm -a, the filtered LWP decreases, resulting in a distribution of LWP change comparable to the satellite data (Fig. 1) . of ship tracks or transitions in cloud regime caused by changing boundary conditions during large-scale, equatorward flow.) The LWP increase from filtering is greater at lower droplet concentrations because the unfiltered LWP distribution is broader (and more skewed toward zero). However, there is another reason filtering increases LWP more at lower droplet concentrations.
Our filter is based on an optical depth cutoff, and optical depth increases with decreasing droplet effective radius. For any given LWP, droplet effective radius decreases and optical depth thereby increases as droplet concentrations increase. Hence, even if the unfiltered LWP distributions were independent of droplet concentration, the filtered LWP wouldbe greater at lower droplet concentrations. This filtering effect is evident in the lower panels of Fig. 4 (for the simulations and satellite data), in which there are fewer samples at low LWP values in the clean distributions compared to their polluted counterparts.
Conclusions
We have shown that the in situ measurements and satellite retrievals of ship track cloud properties can be reconciled if cloud cover increases with droplet concentrations, as in our simulations.
Our analysis suggests that increases in cloud water with increasing droplet concentrations are favored at night or under extremely low droplet concentrations.
Beyond the behavior at extremely low ambient CCN concentrations, in which the ship tracks appear as prominent cloud lines in visible satellite imagery, we expect observable increases of fractional cloud cover in ship tracks arising within more moderate background conditions, with droplet effective radii < 14 #m. We also expect the liquid water path in ship tracks to be enhanced relative to surrounding clouds in the morning because of greater drizzle suppression at night. Bottom panel shows distributions of liquid water path for satellite observations of ship tracks (solid lines) and background clouds (dotted lines). Other notation as in Fig. 1 .
Discussion
The trend of decreasing breadth of LWP frequency distributions with increasing droplet concentrations is an important (and testable) element in causing the apparent increase of LWP from filtering out all but overcast pixels. As droplet concentrations increase beyond We omit the five in situ penetrations of the Sanko Peace ship track, in which the marine boundary layer was observed to rapidly deepen on a day in which extremely low droplet concentrations were recorded in the background clouds [Taylor and Ackerman, 1999] .
A composited profile of LWC shows LWP increasing significantly in the ship track. Because we bin relative changes in LWC with respect to the background cloud we must omit the data above the background cloud tops where that relative change is infinite. This leaves us to consider the data from flight levels within the background clouds. At those altitudes, drying caused by entrainment of air from above the boundary layer reduced LWC in the ship track.
Including only the decrease of LWC measured in those five penetrations would misrepresent the positive LWP change. Hence we omit those five penetrations because they are biased negatively with respect to LWP in the satellite data. We note that the in situ measurements reported by Ackerman et al. [2000] are cited by Coakley and Walsh [2002] as evidence supporting the LWP decrease found in their satellite retrievals" However, the cited figure of a 17% decrease is actually the average of the relative change in cloud water divided by the relative change in droplet concentration. The decrease in cloud water itself is much less: if the (biased) Sanko Peace data are included (as done by Ackerman et al. [2000] ), the average relative decrease is only 4 + 22%.
Appendix B:. Description of Model Simulations
The dynamical core of the numerical model is described by Stevens et al. [2002] System Studies (GCSS)), also used and described by Stevens et al. [1998] .
We depart from those specifications by initializing our model domain as initially cloud free (initial relative humidity limited to < 99%) and using surface similarity for surface fluxes, with the sea surface temperature fixed at 290.4 K. Additionally, in place of a parameterized longwave cooling (of up to 74 W m -2 in the workshop specification) we use a two-stream radiative transfer model [ Toon et al., 1989] in which the water vapor column overlying the model domain is fixed at 1.5 g cm -2, resulting in a net (upward) longwave flux of 80 W m-2 above the boundary layer after the cloud layer forms. Solar radiation is calculated for summer solstice at 38°l atitude, with time zero corresponding to 6 AM locally.
Daytime simulations for sun angles corresponding to winter solstice resemble our nocturnal results. However, our daytime simulations of stratocumulus at summer solstice are more applicable to their radiative forcing because marine stratocumulus are climatologically favored during the summer off subtropical west coasts, when the marine subtropical highs produce the large-scale meteorological conditions (subsidence and equatorward flow) conducive to extensive stratocumulus decks.
By simply changing CCN concentrations over the entire-model domain between simulations, we are not simulating the lateral dispersion of ship tracks, but rather the contrasts between ship tracks and surrounding clouds on scales smaller than the width of mature ship tracks (often > 10 krn), representative of regional scale variations in aerosol plumes from larger sources.
